We investigate low mass X-ray binaries (LMXBs) in the M31 globular cluster (GC) system using data from the 2XMMi catalogue. These X-ray data are based on all publicly available XMM-Newton observations of the galaxy. This new survey provides the most complete and homogeneous X-ray survey of M31's GCs to date, covering > 80% of the confirmed old clusters in the galaxy. We associate 41 X-ray sources with confirmed old clusters in the M31 cluster catalogue of Peacock et al. (2010) . Comparing these data with previous surveys of M31, it is found that three of these clusters are newly identified, including a bright transient source in the cluster B128. Four additional clusters, that are not detected in these 2XMMi data, have previously been associated with X-ray sources from Chandra or ROSAT observations. Including these clusters, we identify 45 clusters in M31 which are associated with X-ray emission. By considering the latest optical GC catalogues, we identify that three of the previously proposed X-ray clusters are likely to be background galaxies and two have stellar profiles. We consider the properties of LMXB-hosting clusters and confirm significant trends between the presence of an LMXB and the metallicity, luminosity and stellar collision rate of a cluster. We consider the relationship between the luminosity and stellar collision rate of a cluster and note that LMXB hosting clusters have higher than average stellar collision rates for their mass. Our findings strongly suggest that the stellar collision rate is the dominant parameter related to the presence of LMXBs. This is consistent with the formation of LMXBs in GCs through dynamical interactions.
INTRODUCTION
Globular clusters (GCs) are known to be a rich source of low mass X-ray binaries (LMXBs). In early studies of the Milky Way's X-ray population, it was realised that many more LMXBs were located in GCs than would be expected based on their masses alone. Of the ∼150 bright LMXBs currently known in the Milky Way, 14 reside in 12 of its GCs (Liu et al. 2001; Heinke & Budac 2009 ). Since the Galactic GCs are thought to contain less than 0.1% of the stars in the Galaxy, this suggests that the formation of LMXBs is more than two orders of magnitude more efficient in GCs than in the field of the Galaxy. It has long been proposed that this extra efficiency is due to dynamical formation of these binaries in the dense cluster cores (Katz 1975; Clark 1975) . The proposed mechanisms for dynamical formation ⋆ E-mail:mbp@soton.ac.uk (MBP) of LMXB systems include: a donor star capturing the neutron star through tidal capture (e.g. Fabian et al. 1975) ; exchange interactions between a neutron star and a primordial binary system (Hills & Day 1976; Hut & Verbunt 1983) ; or direct collisions of a neutron star with the envelope of a giant star (Verbunt & Hut 1987) . These interactions are more likely to occur in the cores of GCs, than in field star populations, due to their high stellar densities.
The properties of LMXB hosting clusters can be used to investigate the formation and evolution of these systems. For example, if dynamical formation is the primary method of forming LMXBs in GCs, then it is expected that there should be a direct relationship between the stellar collision rate in a cluster and the presence of an LMXB. Previous work has shown that the LMXBs in the Milky Way's GCs are consistent with dynamical formation scenarios (Verbunt & Hut 1987 ). However, studying such relationships in the Galactic GC system is limited by the low number of LMXBs in its GCs. In order to study more significant sample sizes in the Milky Way's GCs, it is necessary to combine different types of compact object binary systems (e.g. Pooley et al. 2003 ).
In the era of Chandra and XMM-Newton it has become possible to study more significant samples of GC LMXB systems by looking at extragalactic sources. These observations of nearby galaxies confirm that their GCs also contain a large fraction of the galaxies' LMXBs. Unfortunately, investigating dynamical formation in extragalactic clusters is difficult due to the small angular sizes of typical cluster cores. However, relationships between the collision rate and presence of LMXBs have been suggested in M31 (Peacock et al. 2009 ), Cen A (Jordán et al. 2007) and possibly in M87 (Jordán et al. 2004; Waters 2007) . It is also found, both in the Milky Way and nearby galaxies, that LMXBs favour brighter (and hence more massive) GCs (e.g. Kundu et al. 2002; Sarazin et al. 2003; Kim et al. 2006; Kundu et al. 2007 ). The likely reason for this is that higher mass clusters will generally have more stellar interactions and therefore form more LMXBs through dynamical interactions. However, it is also possible that LMXBs will favour high mass clusters because they may retain more of the neutron stars they produce. Neutron stars that are formed by core collapse may be formed with large kick velocities (e.g. Hobbs et al. 2005) . In this case, the higher escape velocities of high mass clusters, may result in more neutron stars being retained by these clusters. However, it is also possible that neutron stars with lower kick velocities can be formed via electron capture (e.g. Pfahl et al. 2002; Ivanova et al. 2008) . Smits et al. (2006) demonstrated that the GC systems of six elliptical galaxies are consistent with the retention of neutron stars from a low kick velocity mode.
Previous work on extragalactic LMXBs has also identified that metal rich clusters are more likely to host LMXBs than metal poor clusters (e.g. Bellazzini et al. 1995; Kundu et al. 2002 Kundu et al. , 2003 . Several explanations for this have been proposed. Metal rich stars are likely to be physically larger, which may result in more LMXBs forming through tidal interactions and direct collisions (Bellazzini et al. 1995) . It was shown by (Maccarone et al. 2004 ) that this effect alone is unlikely to explain the observed factor 3 enhancement of LMXBs in metal rich clusters. They propose that the irradiation induced winds in these binaries may explain the observed differences. These winds are likely to be stronger in metal poor systems due to decreased line cooling. Ivanova (2006) suggested that the metallicity relationship is a natural consequence of the properties of solar mass donor stars. In this mass range, they show that low metallicity stars lack an outer convective zone. This is likely to reduce the rate of tidal captures and also make it harder for a binary to tighten (and hence form an LMXB system).
Here, we investigate LMXBs in M31's GC system. In section 2, we consider the current optical and X-ray catalogues of M31's clusters. Section 3 presents the X-ray properties of M31's clusters, based on XMM-Newton observations of the galaxy, and compares these data with previous Xray catalogues to investigate transient sources and potential contamination in these previous studies. Finally, in section 4, we investigate the properties of clusters which are found to host LMXBs.
M31 GLOBULAR CLUSTERS
The M31 GC system has been the focus of many studies. Despite this work, it is likely that some contamination and incompleteness currently exists in the M31 cluster catalogues. To identify clusters in M31 we use the recent catalogue of Peacock et al. (2010, hereafter P10) . This catalogue includes all clusters and candidates identified in most major studies of the M31 GC system (including those of: Battistini et al. 1987; Barmby et al. 2000; Galleti et al. 2004; Kim et al. 2007; Caldwell et al. 2009 ). It provides updated locations and classifications for all of these clusters. The locations of these clusters are found to be in good agreement with those of Caldwell et al. (2009) , but are more accurate than those used previously to match with X-ray catalogues (e.g. Barmby et al. 2000; Galleti et al. 2004 ). The work of P10 and Caldwell et al. (2009) has also identified significant contamination in the previous catalogues from stellar sources, background galaxies and young clusters.
M31 has been extensively surveyed by most recent X-ray observatories including: Einstein (e.g. Trinchieri & Fabbiano 1991) ; ROSAT (e.g. Supper et al. 1997 Supper et al. , 2001 ); XMM-Newton (e.g. Shirey et al. 2001; Trudolyubov & Priedhorsky 2004) and Chandra (e.g. Kaaret 2002; Williams et al. 2004 ). Many of the resulting X-ray source catalogues have attempted to identify which sources are associated with GCs. Supper et al. (2001) associated 33 sources in their ROSAT survey with known GCs from the combined GC catalogues of Battistini et al. (1987) , Battistini et al. (1993) and Magnier (1993) . Chandra observations were used by Di , Kong et al. (2002) , Kaaret (2002) and Williams et al. (2004) to identify 28, 25, 25 and 26 GC X-ray sources, respectively. Currently the most complete M31 GC X-ray catalogue was produced by Trudolyubov & Priedhorsky (2004) . They combined XMM-Newton observations along the disk of M31 with archived Chandra observations, to investigate 43 X-ray sources which they associated with GCs (from the GC catalogues of: Battistini et al. 1987; Magnier 1993; Barmby & Huchra 2001; Galleti et al. 2004 ). Most recently, Fan et al. (2005) collated the results of these previous studies to identify 54 unique GCs associated with X-ray sources.
In this study, we consider the X-ray properties of M31's GCs using all publicly available XMMNewton observations of the galaxy. Since the study of Trudolyubov & Priedhorsky (2004) , the XMM-Newton coverage of M31 has increased significantly and now covers the entire D25 ellipse of the galaxy. These data provide more accurate source locations than the ROSAT study of Supper et al. (2001) and cover many more clusters than the previous X-ray studies of M31's GCs Trudolyubov & Priedhorsky 2004) . In this study we restrict our analysis to only those clusters classed as confirmed clusters in the recent catalogue of M31 GCs of P10. The previous GC X-ray associations have generally considered all cluster candidates in the galaxy. While the presence of an X-ray source in a cluster does increase the probability of it being a genuine cluster, the inclusion of such sources is also likely to increase contamination. All XMM-Newton observations of M31 which are included in the 2XMMi catalogue. The final column indicates whether the observation is considered part of our 'homogeneous' survey of M31's GCs. The coordinates indicate the approximate centre of each observation.
THE X-RAY POPULATION OF M31'S GLOBULAR CLUSTERS

XMM-Newton observations of M31
Over the past decade, M31 has been the target of several XMM-Newton observations. The first 10 observations of M31 were obtained as part of the science verification of the telescope. These observations included five observations along the disk of the galaxy, four observations of the core of the galaxy and a shorter observation of the halo GC G1. These data are described by Trudolyubov & Priedhorsky (2004) , who use it for their study of the galaxy's GCs. Since these initial observations, several other fields of the galaxy have been observed. These include: repeated observations of the bright X-ray sources RXJ20042.6+4115 (a bright Zsource in M31) and B375 (the brightest GC X-ray source in the galaxy); an observation of the dwarf galaxy NGC 205; an observation on the minor axis of M31; and four observations to cover the recently discovered extended halo GCs in the galaxy. In addition to these observations a survey was recently completed to cover the entire D25 ellipse of the galaxy. All of these observations are summarised in table 1. The initial observations along the disk of the galaxy, combined with these new observations covering the outer regions, provide a relatively homogeneous survey across the entire D25 ellipse of the galaxy. These observations, identified by the flag survey=y in table 1, provide the basis for our primary survey. It should be noted that, some of the LMXBs in M31's GCs are expected to be transient in nature. For this reason we also search for GC LMXBs in the other observations available. This allows us to identify as many LMXB hosting clusters as possible. However, it does bias the detection of transient LMXBs to regions which have been more frequently observed (such as the central region of the galaxy). We therefore flag in our final table whether the observed GC X-ray sources would have been identified in our primary dataset (which essentially gives a single epoch survey across M31). It can be seen from table 1 that the exposure times for the different fields do vary slightly. The homogeneous detection limit across this survey is Lx ∼10 36 erg/s corresponding to the relatively short observation of G1. In total, the XMM-Newton observations considered here cover ∼82% of the confirmed old GCs from P10.
The 2XMMi catalogue
To identify sources in these observations we use the 'incremental second XMM-Newton serendipitous source cata-logue' (2XMMi: for details see e.g. Watson et al. 2009 ). This is a pipeline produced catalogue of sources which are identified in over 4000 publically available XMM-Newton observations 1 . The catalogue includes the location, flux and reliability of sources detected in all of the M31 observations listed in table 1.
M31 globular clusters in 2XMMi
The confirmed old, young and candidate clusters from P10 were matched to the 2XMMi catalogue using a matching radius of 2 ′′ +1 ′′ +σpos,2XMMi. This matching radius was chosen to cover the errors in the optical cluster locations (conservatively estimated to be <2 ′′ , to account for systematic and centring errors for these extended sources) and systematic errors on the X-ray locations (<1 ′′ ). This identified X-ray sources in 42 old clusters and 2 candidate clusters. No Xray sources were identified in the young clusters listed in this catalogue.
We investigated chance associations between the clusters and X-ray sources by shifting the cluster locations by ±5
′′ . The four resulting cluster locations were matched to the X-ray sources using the same matching criteria. Only two associations were found from this, with a relatively large offset of > 3 ′′ . We therefore do not believe that there is significant contamination from chance associations in the sample. Table 2 lists all old and candidate clusters associated with X-ray sources in the 2XMMi catalogue.
It can be seen from table 2 that most of the clusters are well matched to their proposed X-ray counterparts, with separations of <2 ′′ . However, three of the clusters have relatively large offsets of >3 ′′ . Comparison with published Chandra observations (discussed in the next section) confirms that two of these sources, B094 and B146, are associated with the clusters. Both the XMM and Chandra locations of the source associated with B094 are slightly offset from the centre of the cluster. This may potentially align with a faint optical source on the edge of this cluster. Since LMXBs are expected to reside in the cores of the clusters (where the density is highest), it is possible that this source could be a chance alignment with the cluster. However, given its proximity to the cluster, we keep this source in our analysis, but note that its association is relatively uncertain. It is found that the cluster B035 does not appear to be associated with the matched X-ray source. Another faint counterpart is identified in K-band images that is in good agreement with the X-ray source location. We therefore believe that this may be a chance alignment with a non-cluster object and remove it from our analysis.
For each GC X-ray source, table 2 includes hardness ratios for the source and its total luminosity (Lx, 0.2−12keV). These data are taken from the 2XMMi 'slim' catalogue. This is a reduced version of the main catalogue and contains only unique sources. Many of these sources are expected to vary during the observations and some are located in more than one observation. For these sources, this catalogue quotes the mean locations and fluxes. The hardness ratios (HR) of a source are defined as: Class 3 sources are confirmed by 'manual' flagging. However, they have all of the 2XMMi automated detection flags set to spurious, and may be spurious detections. Of the 43 old clusters associated with X-ray sources, 13 have SUMFLG=3. We note, from comparison with previous observations, that 10 of these 13 GCs have already been identified independently from Chandra observations. These sources are therefore unlikely to be spurious. The XMM Newton thumbnail images for all of the 2XMMi GC detections 2 were also visually examined to identify any artifacts (for example due to chip gaps). This examination suggested that the source in the cluster AU010 was unlikely to be reliable and we remove it from our catalogue.
Detections from previous catalogues
In addition to the XMM-Newton observations used here, other X-ray observations of M31 have associated X-ray sources with its GCs. This previous work is summarised in section 2. Given the transient nature expected from some LMXBs, it is likely that they may only be detected at certain epochs. For this reason, we consider which clusters in table 2 were previously detected and identify any additional clusters with proposed X-ray emission.
All confirmed clusters were matched to sources identified from: ROSAT observations by Supper et al. (2001) ; Chandra observations by Di , Kong et al. (2002) , Kaaret (2002) , Williams et al. (2004) and XMM-Newton and Chandra observations by Trudolyubov & Priedhorsky (2004) . The M31 cluster catalogue used in this study has more accurate locations, and some additional clusters, compared with those used in these previous studies. We therefore consider all X-ray sources in these previous catalogues. Table 3 lists all confirmed clusters which are associated with X-ray sources from the 2XMMi catalogue or these previous studies. It can be seen that 38 of the clusters identified in the 2XMMi catalogue were identified previously by one of these studies, while three are newly identified. Top: Old clusters associated with X-ray sources in the 2XMMi catalogue. Bottom: candidate clusters associated with X-ray sources in the 2XMMi catalogue. Middle: the cluster B035, which may not be associated with this source. Columns 3-11 are taken from the slim version of the 2XMMi catalogue. 1 Name and classification from (Peacock et al. 2010) . 2 X-ray Luminosity (0.2-12keV), assuming all sources to be at 780kpc (McConnachie et al. 2005) . 3 X-ray hardness ratios, HR i =(B i+1 -B i )/(B i+1 +B i ). Where B i are the narrow energy bands: B 1 =0.2-0.5keV; B 2 =0.5-1.0keV; B 3 =1.0-2.0keV; B 4 =2.0-4.5keV; B 5 =4.5-12keV 4 The quality flag assigned to the source by the 2XMMi pipeline (as described in section 3.3, see Watson et al. (2009) 
for details).
5 Offset between the optical and X-ray source locations. 6 Indicates whether the source was detected in our 'primary survey' observations. 
All old clusters from P10 with proposed X-ray associations from this, or previous, surveys. The object positions are the optical locations from P10. Where available, we list the associated X-ray luminosity (×10 35 ergs/s) and offset from the cluster location for sources in: the 2XMMi catalogue (this study); 1 ( Candidate clusters and (previously misclassified) non-clusters with proposed X-ray associations. The object positions are the optical locations from P10. The object classification flag (f) is taken from P10. Flags are: 0, no classification from P10; 1, old cluster; 2, unconfirmed candidate; 4, background galaxies; 5, HII region; 6, stellar object. Where available, we list the associated X-ray luminosity (×10 35 ergs/s) and offset from the cluster location for sources in: the 2XMMi catalogue (this study); 1 ( We identify four GC X-ray sources in the previous work which are not identified in the 2XMMi catalogue. The cluster B163 was previously detected by ROSAT and by one of the Chandra observations of it. This cluster is discussed by Trudolyubov & Priedhorsky (2004) , where they demonstrate its transient nature. The cluster B213 was detected in a deep ROSAT HRI observation of the centre of M31 by Primini et al. (1993) . The two other clusters, B164 and B293, were identified in the ROSAT PSPC survey of Supper et al. (2001) . These sources have relatively large offsets from the cluster locations of 10.5 and 9.5 ′′ , respectively. One of these sources is outside the region covered by the XMM observations. The other three have no 2XMMi counterparts within the X-ray positional error. Since these sources have no 2XMMi associations, they are likely to be transient in nature. These clusters are included in our catalogue of X-ray clusters. However, it should be noted that the larger size of the ROSAT positional error increases the probability of a chance association.
Candidate clusters and other sources
As discussed in section 2, there has been significant work in classifying and studying the properties of M31's clusters since the previous X-ray cluster catalogue of Trudolyubov & Priedhorsky (2004) . In this section, we consider the current classifications of previously proposed clusters. Table 4 lists all X-ray sources associated with unconfirmed candidate clusters and previously proposed X-ray clusters which have subsequently been reclassified.
Of the 33 ROSAT sources associated with clusters by Supper et al. (2001) , 26 are associated with confirmed old clusters from P10. Two of the sources are now known to be background galaxies (B007 and B042D) and one is an unconfirmed candidate cluster. The other four clusters are from the catalogue of Magnier (1993) and do not have new classifications from P10. We believe that these clusters are not confirmed through spectroscopy or high resolution imaging. We therefore consider them as candidate (rather than confirmed) clusters.
The study of Trudolyubov & Priedhorsky (2004) identified 43 X-ray clusters in M31, 37 of which are confirmed as old clusters by P10. Two of the clusters from P10 (B138 and SK100C) and two from Magnier (1993) (MIT165/166 and MIT133) are currently unconfirmed candidate clusters. The other two proposed GC X-ray sources in this catalogue are now thought to be background galaxies (B042D and B044D). We also note that these two galaxies, and an additional unconfirmed cluster (BH16), are included in the catalogue of M31 GC X-ray sources of Di . In addition to the GC X-ray sources in these catalogues, the collated work of Fan et al. (2005) identifies three other GC X-ray sources which are not listed as clusters in the catalogue of P10. One of these, B063D, has been reclassified as stellar. This source is detected in these 2XMMi data and is associated with the object. This object may potentially be an unresolved background galaxy or possibly a foreground flare star. Another source (SK059A) has been reclassified as an HII region by Caldwell et al. (2009) . This source represents an interesting object for follow up investigation to determine its true nature. Finally, the source "WSB85/S3-14" in Fan et al. (2005) is detected in these XMM data, but has no counterparts in P10. Examination of SDSS images of this cluster location shows no optical counterpart within the X-ray error circle. These images are deep enough to detect the entire GC luminosity function at the distance of M31. We therefore believe that this source is unlikely to be associated with a cluster and exclude it from table 4.
LMXB population
We associate X-ray sources with ∼11% of the old clusters in M31. In addition to these clusters, it is very likely that some clusters which host transient LMXBs were not detected in these observations. When considering M31's total cluster system, it should also be noted that there is likely to be significant incompleteness in the current optical cluster catalogues; especially at the faint end of the GC luminosity function. Given this incompleteness, the total fraction of clusters hosting LMXBs in M31 appears to be consistent with that of the Milky Way (∼8%). Only one of the cluster X-ray sources detected in these XMM observations would not have been detected in our 'primary survey' observations (which essentially represents a single epoch of observations across the galaxy). This cluster (B128) was observed, but not detected, in three previous XMM-Newton observations of the 'core' of the galaxy. Figure 1 shows the observations of this cluster. The upper limits in this plot are taken from the FLIX 3 web tool and demonstrate that the source has increased in luminosity by over two orders of magnitude. As discussed above, four additional X-ray sources, that were previously identified in ROSAT or Chandra observations, were not detected in these XMM data and may also be transient sources. This demonstrates the benefit of re-observing clusters to identify LMXBs in outburst. In particular, elusive GC black hole LMXBs are likely to be transient in nature (e.g. King et al. 1996) .
To consider the spatial distribution of LMXB hosting clusters, we consider only those clusters covered by the observations selected as our primary survey. Of the 341 confirmed old clusters covered by these observations, 40 are associated with X-ray sources from our primary survey. It is found that the fraction of LMXB hosting clusters increases slightly towards the centre of the galaxy. However, it is also found that both the stellar collision rate and the metallicity of the clusters increases towards the centre of the galaxy. As shown in the next section, both of these parameters are expected to increase the formation of LMXBs. Selection effects in the most central region of the galaxy also bias the optical cluster catalogues against the detection of faint clusters (which are less likely to host LMXBs). As a result, this incompleteness may also produce such a relationship. For these reasons we believe these data do not provide evidence of a direct relationship between galactocentric radius and the production of LMXBs. It can be seen from table 2 that, compared with the Milky Way, a relatively large number of these LMXBs are very luminous, with ∼ 15% having Lx > 10 38 erg/s. Given that there are only 12 LMXB hosting GCs in the Milky Way, it is likely that the relative lack of systems this bright in the Milky Way may be related to the smaller sample size, rather than a difference between the two populations (as proposed previously by e.g. Supper et al. 1997; Verbunt & Lewin 2006) . It should also be noted that the LMXB in the Galactic GC M15 (AC 211) is an eclipsing (or near-eclipsing) source and does have an estimated intrinsic luminousity of Lx > 10 38 erg/s (Naylor et al. 1988 ). We also note that LMXBs this bright are observed in the field of the Milky Way and in other extragalactic GCs (e.g. Liu et al. 2001; Kundu et al. 2002) .
In principle, multiple unresolved LMXBs in M31's GCs could explain the high X-ray luminosities of some of these clusters. It is likely that some of these clusters will host more than one LMXB. For example, two of the 12 LMXB hosting clusters in the Milky Way are currently known to host two LMXBs in outburst (White & Angelini 2001; Heinke & Budac 2009 ). However, variability observed in some of M31's LMXBs, suggests that one object is dominating the integrated luminosity. It can also be seen, from figure 2, that we find no evidence of the X-ray luminosity increasing as a function of the stellar collision rate or the mass of a cluster. Such a relationship might be expected if the number of LMXBs in a cluster is ≫ 1. This is because the formation of LMXBs is known to be more efficient in these clusters (as discussed below). This suggests that, for these data, the variability in the luminosity of individual LMXBs appears to dominate over the effects of multiple LMXBs. Figure 2 suggests a potential bimodality in the X-ray luminousity function (XLF) of M31's GCs, with none of the clusters having X-ray fluxes (Fx) in the range 10 −13 < Fx < 10 −12 (compared with seven in the range 10 −12 < Fx < 10 −11 and nine in the range 10 −14 < Fx < 10 −13 ). If we assume a linear XLF for these clusters, then there is a low probability of 0.1% that none of the 17 clusters lie in this range. However, figure 2 includes only those clusters with stellar collision rates from Peacock et al. (2009) . As such, it represents a subset of all the clusters in M31 which excludes clusters projected against the central (and outer halo) regions of M31. In the left and middle panels of figure 3, we plot the XLF for all clusters detected in this 2XMM survey (solid red line). We also split this sample into those clusters with projected galactocentric radius, Rgcp < 3kpc (green, dashed line) and those with Rgcp > 3kpc (blue dotted line/solid blue). It can be seen that this deficeit of clusters is identified in clusters projected against the outer, but not the inner, regions of the galaxy. To test whether there is a significant difference in the XLF of the inner and outer clus-ters, we run a Kolmogorov-Smirnov (K-S) test between the two populations. The probability that the inner and outer samples are drawn from different populations is 90%. We note that the cut chosen between the inner and outer clusters is relatively arbetary, however similar probabilities are obtained using Rgcp=2,4 kpc. These data therefore suggest a potential difference in the XLF at low and high Rgcp, but with a low significance.
If genuine, the relationship between Rgcp and the XLF may be suggestive of a metallicity effect on the formation of LMXBs in a cluster. This is because the metal rich clusters in M31 are known to be more centrally concentrated than the metal poor clusters (see e.g. figure 11 of Perrett et al. 2002) . Ivanova (2006) have previously proposed that the formation of LMXBs with main sequence donor stars (through tidal captures in close encounters) is unlikely to occur in metal poor clusters. If this is the case, then it is likely that the LMXBs observed in metal poor clusters have primarily evolved donor stars. Such sources are likely to be Z-sources with high Lx ∼ 10 38 erg/s (if the donors are giants/subgiants) or ultracompact sources which will have a relatively steep luminousity function (if the donors are white dwarfs; Bildsten & Deloye 2004) . In contrast, metal rich clusters would be expected to host a mixture of these LMXBs and LMXBs with main sequence donor stars. Hence LMXBs in the metal rich clusters may have a more uniform distribution of Lx.
In the right panel of figure 3 we investigate the effect of a clusters metallicity on the X-ray luminousity. No significant difference is observed between the X-ray luminousity of the metal rich (with [Fe/H]>-0.7) and metal poor clusters. However, spectroscopic metallicities are not available for all of the clusters hosting LMXBs. All of the clusters with Rgcp > 3 have metallicity estimates, but only 14 of the 24 clusters in the inner region of M31 have metallicities. Given their small galactocentric radius, many of these clusters with unknown metallicity may be metal rich. It is therefore possible that the observed galactocentric radius effect on the XLF may be suggestive of a metallicity effect, although these data show no direct evidence of this. More conclusive evidence of a metallicity effect, on the X-ray luminousity of LMXBs, may become available from very deep X-ray observations of galaxies with a larger number of metal rich clusters.
LMXB-GC RELATIONSHIPS
The properties of LMXB hosting clusters provide a useful insight into the effect of these properties on the formation and evolution of LMXBs. Figure 4 shows the spectroscopic metallicities for all clusters with data available from the collation of Fan et al. (2008) (from the studies of: Huchra et al. 1991; Barmby et al. 2000; Perrett et al. 2002) . These data cover ∼ 50% of the confirmed old clusters. The currently available spectroscopy for M31's clusters is biased towards the more massive (brighter) clusters. However, LMXBs are known to reside primarily in more massive clusters (as discussed below), so this work provides metallicities for 72% of the LMXB hosting clusters. We also consider the (i -K) colour of these clusters from Peacock et al. (2010) . These colours are dereddened using the values of Fan et al. (2008) The cluster colours are taken from the catalogue of P10, while their spectroscopic metallicities taken from the collated table of Fan et al. (2008) . It can be seen that the LMXBs tend to favour redder, higher metallicity, clusters.
and provide an alternative estimation of the metallicity of the clusters. It can be seen from figure 4 that LMXBs favour redder, metal rich, clusters. A K-S test between the colour of all clusters and the LMXB hosting clusters suggests that there is a 98% likelihood that these clusters are drawn from different populations. For the spectroscopic metallicities this probability is 91%. The statistical significance of this relationship is relatively weak, but is similar to that found in the previous studies of Bellazzini et al. (1995) and Trudolyubov & Priedhorsky (2004) . A more significant metallicity effect has been previously observed in many other galaxies (e.g. Kundu et al. 2002; Kim et al. 2006 ). There are several reasons why this relationship may be less obvious in M31. Firstly, there are relatively few metal rich clusters in M31 compared with many early type galaxies. It should also be noted that the spectroscopic metallicities of M31's clusters have relatively large errors (with a mean error of ∼0.25).
The effect of this would be to weaken any genuine relationships between the clusters. In principle the colours of the clusters may give a more accurate measure of metallicity. However, the colours of M31's clusters are complicated due to variable extinction across the galaxy. It has also been proposed that decreasing metallicity may lead to hardening of the soft X-ray emission from GC LMXBs (Irwin & Bregman 1999; Maccarone et al. 2003 Maccarone et al. , 2004 . To investigate this, we perform a Spearman Rank test between the four X-ray hardness ratios (listed in table 2) and the metallicity of a cluster. No strong correlations are observed. The only marginally significant correlation is between HR2 and the metallicity, which has a probability of correlation of 92%. To investigate any potential relationships further, we split these data into metal rich The GC data are taken from the catalogue of P10. It can be seen that the LMXBs tend to favour brighter clusters with higher stellar collision rates.
([F e/H] > −0.7) and metal poor clusters. The choice of this split is based on the bimodal peaks in the metallicity identified by Perrett et al. (2002) . The fluxes of the X-ray sources, as functions of hardness ratio for the rich and poor clusters, are shown in figure 5 . The most significant trend is identified between the metal rich and poor clusters was in the HR2 (0.5-1keV and 1-2keV). This relationship has a confidence of 99%, but is based primarily on only five metal rich clusters. While significant, the observed relationship is weaker than the relatively strong relationship observed in ROSAT observations of these clusters by Irwin & Bregman (1999) . It is possible that this previous relationship may be enhanced due to the difficulty in modelling the background soft excess emission from to M31 in these ROSAT data. This could potentially have a greater effect on the more centrally concentrated metal rich clusters.
Stellar collision rate and cluster mass
In previous work, Peacock et al. (2009) demonstrated a relationship between the mass and the stellar collision rate of M31's clusters and the presence of LMXBs. Since this work, significant contamination from non-cluster sources has been removed from the M31 globular cluster catalogues. In this study, we have also presented more homogeneous and complete X-ray data than was previously available. For these reasons we reconsider this relationship, based on these new data. Figure 7. Stellar collision rate vs magnitude for all GCs (crosses) and LMXB hosting clusters (solid diamonds). This shows a clear relationship between the two parameters. This is in good agreement with the predicted relationship Γ ∝ M 1.5 tot (dashed line). The LMXB hosting clusters are found to have higher than average collision rates for their magnitude.
Stellar collision rates are available for the 213 old clusters covered by the K-band survey of Peacock et al. (2009) . Figure 6 shows the stellar collision rate and K-band luminosity of these clusters. It can be seen that the LMXBs are found to favour both brighter (and hence more massive) clusters and those with higher stellar collision rates. A K-S test demonstrates that these relationships are highly significant with probabilities that they are drawn from the same population of 5 × 10 −4 and 4 × 10 −7 for luminosity and stellar collision rate, respectively. While still highly significant, the luminosity relationship is slightly weaker than that found by Peacock et al. (2009) . This is likely due to the identification of several new X-ray sources in fainter than average clusters. In this study, we have also removed young clusters from our data. This will also weaken the luminosity relationship because all of these young clusters are relatively faint and not associated with any X-ray sources. Figure 7 shows the stellar collision rate as a function of K-band luminosity for all GCs studied (crosses) and those containing an LMXB (diamonds). This figure demonstrates that there is a clear relationship between the luminosity of a GC and its stellar collision rate. In order to explore the relative effects of these parameters on LMXBs, we need to consider this relationship. We assume a power law relationship between the mass of a cluster and its stellar collision rate and a K-band mass (M ) to light ratio of 1, for all clusters. From an unweighted fit to all clusters, in log space (shown in figure 7) , we find that Γ ∝ M 1.53 tot . We note that this relationship is consistent with that found for the Milky Way's GCs and with the theoretical approximation that Γ ∝ M 1.5 tot (Davies et al. 2004 ).
It can be seen from figure 7 that the LMXB hosting figure 7 ) as a function of metallicity. This figure includes only those clusters with metallicity estimates. Symbols are as in figure  7 . It can be seen that the LMXB hosting clusters are offset to higher than average Γ for their mass. As demonstrated by this figure, this offset is unlikely to be due to any metallicity effects.
clusters have higher than average collision rates for their mass. We investigate whether this is a statistically significant effect by first detrending the data using the derived relationship between Γ and mass. We then run a K-S test between all clusters and the LMXB hosting clusters and find a probability of 1×10 −4 that they are drawn from the same distribution. It should be noted that there is some uncertainty in the actual relationship between Γ and mass due to the scatter in figure 7. To ensure that our results are robust to errors in this relationship, we rerun the tests assuming Γ ∝ M and 1.8×10 −3 that these clusters are drawn from the same distributions. This demonstrates that, even for the highest reasonable relationship between the mass and collision rate of a cluster, the LMXBs are found to favour those clusters with higher than average stellar collision rates for their mass. This result implies that the stellar collision rate is the primary parameter related to the presence of an LMXB.
Given that LMXBs are also found to favour metal rich clusters, it is interesting to consider whether cluster metallicity has a significant effect on the relationships we infer from figure 7. In figure 8 we show the residuals from the derived Γ-magnitude relationship as a function of metallicity. As discussed above, the LMXB hosting clusters can be seen to have higher than average collision rates for their luminousity. It can be seen that metallicity effects are unable to explain this offset. This is likely due to the fact that the individual effects of both collision rate and luminousity are significantly stronger than the observed metallicity effect.
If these LMXBs are formed through dynamical interactions, then the presence of an LMXB should be directly proportional to the stellar collision rate. In order to investi- Figure 9 . The cumulative fractional mass (top) and cumulative fractional collision rate (bottom) of all GCs in our sample. The top panels show all GCs (small crosses) and the bottom panels show only the GCs known to host LMXBs (large crosses). If the formation of LMXBs is linearly proportional to either stellar collision rate or stellar mass, then the LMXB hosting clusters should be evenly distributed along this plot.
gate whether the M31 cluster system is consistent with this, we follow the method of Verbunt & Hut (1987) . First, we find the fractional stellar collision rate of every cluster by dividing its stellar collision rate by the total collision rate of all of the clusters considered. We then sort the clusters by this fractional collision rate and find the cumulative value for each cluster, such that the cluster values run from 0 to 1. The result of this is that the number of collisions occurring in the GC system should now be evenly distributed between 0 and 1 (i.e. we expect 10% of the total collisions to occur in the clusters with values in the range 0-0.1). In this way, if the formation of LMXBs is linearly proportional to the stellar collision rate, we expect that their host clusters should be evenly spaced in this plot. Figure 9 shows this plot for both the stellar collision rates and masses of these clusters. It can be seen from this figure that the LMXB hosting clusters are more evenly spread than the total cluster population in both mass and density. This figure also demonstrates that the LMXB hosting clusters are more evenly distributed in stellar collision rate than in mass. Figure 9 suggests that there may be a more LMXBs in low collision rate clusters than would be expected based solely on dynamical interactions. A similar overabundance can be seen in the Milky Way's low collision rate clusters (see e.g. figure 1 of Verbunt & Hut 1987 ). This may point to additional parameters influencing the formation or evolution of LMXBs in these clusters. However, running a K-S test between these data and a linear relationship, suggests that this bunching is not very significant (with a null hypothesis probability of 12%). We also perform a Wilcoxen-MannWhitney test between these data and an evenly distributed dataset, finding a probability of 15% that the samples are drawn from the same distribution. It should also be noted that, a linear stellar collision rate may predict more than one LMXB in the highest collision rate clusters. Such an effect may result in a non-linear distribution towards the right of figure 9. We therefore believe that these data are consistent with the formation of LMXBs being linearly proportional to the stellar collision rate.
CONCLUSIONS
We associate LMXBs with 41 of M31's confirmed old clusters using the 2XMMi catalogue. In addition to these clusters, we identify four other clusters in the literature which have previously been proposed to host LMXBs. Three of the clusters we identify are newly identified and for two other clusters, which were previously identified only in ROSAT observations, we confirm their association with the proposed clusters. By using updated optical catalogues of M31's clusters, we show that three of the previously proposed LMXB hosting clusters are now known to be background galaxies.
LMXBs are identified in ∼ 11% of the clusters surveyed. It is likely that the true fraction of LMXB hosting clusters is lower than this because of incompleteness in the current M31 GC catalogues. We confirm the previously identified result that M31's GCs contain more very bright LMXBs than the Milky Way's GCs. This result is likely due to the small number of GC LMXBs in the Milky Way, rather than a difference in the LMXB population.
By considering the properties of GCs which host LMXBs, the previously proposed relationship between the metallicity of M31's clusters and the presence of an LMXB is identified. This relationship is weaker than, but consistent with, that found in early type galaxies. Our data suggest some evidence for the proposed relationship between metallicity and the hardness ratio of the observed X-ray emission, but this is relatively weak compared with the previously proposed trend. We show highly significant relationships between the presence of an LMXB and both the stellar collision rate and mass of its host GC. The stellar collision rate is found to be the best discriminator in selecting LMXB hosting GCs. We suggest that the weaker relationship between mass and LMXB presence may be primarily due to the relationship between mass and stellar collision rate. Our results demonstrate that the stellar collision rate is likely to be a fundamental parameter related to the formation of LMXBs. This result is in agreement with previous studies of GCs in the Milky Way, M31 and Cen A. The linear relationship found between the presence of an LMXB and the stellar collision rate is in good agreement with the systems being formed by dynamical interactions. This also suggests that the current dynamical properties of the GCs are related to their current LMXB populations.
